Abstract Gout is a common crystal-induced arthritis, in which monosodium urate (MSU) crystals precipitate within joints and soft tissues and elicit an inflammatory response. The causes of elevated serum urate and the inflammatory pathways activated by MSU crystals have been well studied, but less is known about the processes leading to crystal formation and growth. Uric acid, the final product of purine metabolism, is a weak acid that circulates as the deprotonated urate anion under physiologic conditions, and combines with sodium ions to form MSU. MSU crystals are known to have a triclinic structure, in which stacked sheets of purine rings form the needle-shaped crystals that are observed microscopically. Exposed, charged crystal surfaces are thought to allow for interaction with phospholipid membranes and serum factors, playing a role in the crystal-mediated inflammatory response.
Introduction
Gout is the most common arthropathy associated with crystal formation, and the most common inflammatory arthritis overall [1, 2] . In gout, deposition of monosodium urate (MSU) crystals within joints and connective tissue engenders highly inflammatory local responses. The susceptibility to form MSU crystals is a consequence of excessive blood levels of soluble urate, one of the final products of the metabolic breakdown of purine nucleotides [3] . Hyperuricemia is typically defined as occurring above the saturation point of MSU, at which point the risk of crystallization increases. Using this definition, hyperuricemia occurs at serum urate levels >6.8 mg/dL [4] .
The causes of hyperuricemia have been extensively studied, as have the mechanisms by which crystals initiate inflammation. The baseline risk factor for hyperuricemia, universal to humans as well as some other primates, is a series of mutational inactivations of the gene for the enzyme uricase, which in other mammals degrades urate to the more soluble molecule allantoin [5] [6] [7] . However, additional factors are required to push the individual over the threshold into hyperuricemia, including: renal underexcretion of urate; conditions of excessive cell and purine turnover (e.g., leukemias, hemolytic anemias, etc.) [3] ; high purine dietary intake [8] ; and/or genetic factors that result in primary urate overproduction [9] . Once formed, MSU crystals activate resident tissue macrophages, which secrete inflammatory cytokines including IL-1β [10, 11] . These mediators, along with complement directly activated at MSU crystal surfaces, initiate a neutrophilic influx that is the classic pathophysiologic feature of acute gout [12] . Upon infiltration, neutrophils are further activated by the crystals they encounter, producing additional proinflammatory mediators such as the arachidonic acid products PGE 2 and LTB 4 [3] . Interestingly, MSU crystals can persist in the joint fluid between attacks, suggesting that the inflammatory potential of MSU crystals may be modulated by synovial fluid elements [13] .
Less is known about the critical intermediate step between hyperuricemia and the inflammatory response-the process of MSU crystal formation. Clearly, physicochemical factors play an important role, but other, less well-established factors may also be operative. Although the presence of hyperuricemia is essential for the formation of crystals, only a fraction of hyperuricemic patients develop gout-ranging from 2 to 36 % of patients in studies with approximately 5-10 years of follow-up-suggesting that not all hyperuricemics undergo MSU crystal formation [14, 15] . Conversely, patients are sometimes observed to have a normal serum urate (≤6.0 mg/ dL) at the time of an acute gout attack, indicating that the relationship between serum urate level and acute MSU crystallization is complex [16] . Thus, local and/or systemic biological environments are likely to modulate MSU solubility, precipitation, and/or stability.
Here, we review the known biology of MSU crystal formation and the factors that modulate the process of urate crystallization, with a brief discussion of how serum urate crystallization differs from uric acid kidney stone formation. We also briefly consider possible treatment implications arising from the growing understanding of crystal biology.
Uric Acid in its Soluble and Crystal Forms: Structure, Morphology, and Effector Function Uric acid is a weak, hydrogenated organic acid with dual pKas of 5.75 and 10.3 [4] . Under normal physiologic conditions (i.e., pH 7.4 and 37°C), urate circulates in plasma and synovial fluid in a mono-deprotonated ionic form. In the crystalline state, urate is observed in either its fully protonated acid form (i.e., uric acid, as in the case of renal stones, discussed below) or as a variety of salts formed by deprotonated or partially deprotonated urate. Monosodium urate (MSU) monohydrate (NaC 5 H 3 N 4 O 3 •H 2 O), in which a urate molecule is bonded to one sodium and one water molecule, is one of the most common forms of crystallized urate and comprises the primary deposits seen in gouty arthritis (Fig. 1 ) [17] , although urate precipitation with other mineral phases is also possible [18] .
The crystallographic features of MSU crystals were first reported by Mandel and Mandel in 1976 [17] , with further characterization of crystal structure and growth patterns under model physiologic conditions established by Perrin et al. in 2011 [19••] . MSU crystals have a triclinic structure. (A triclinic crystal has faces along three unequal axes, none of which is perpendicular to the others.) Macroscopically, this structure makes up the well-known needle-shaped crystals of MSU. In MSU crystals, urate anions are hydrogen-bonded together and intimately aligned along their edges, forming sheets of purine rings. Water molecules are held in the structure by coordinating to sodium ions and by bonding to the purine ring of the urate molecule; sodium ion coordination to the urate molecules leads to a rippling of the sheets [17] . The sheets themselves are stacked, generating the long axis of the crystal (Fig. 2) . Exposed crystal surfaces contain hydrogen atoms and are rich in charged oxygen atoms and sodium ions [17] .
It is hypothesized that the ionic character of the MSU crystal surfaces allows for interaction with biological phospholipid membranes (such as those of neutrophil plasma membranes and phagocytic vacuoles), as well as serum factors, including both anionic and cationic protein species. Of note, MSU crystals isolated from sites of gouty inflammation are typically coated with immunoglobulins, mainly of the IgG class, whose surface concentrations decline as inflammation resolves (inversely correlating with a rise in apolipoprotein B surface coating), suggesting a role for IgG in promoting the inflammation of an acute attack [20, 21] . To at least some extent, these antibodies are likely to be specifically directed to the crystal surface (see below). The configuration of the antibodies bound to urate with respect to the crystal surface has been studied in in vitro models of synthetic MSU crystals, where it was determined that the cationic F ab portions bind the crystal, while the F c portions are pointed away and exposed [22] . The availability of "away-pointing" Fc portions are thought to play a role both in the ability of the crystal to activate complement, and in the ability of F c -receptor-bearing cells to phagocytose crystals and undergo cell activation [20] . Complement activation products such as fragments of C1 have also been identified on MSU crystal surfaces, with evidence suggesting that MSU crystals can activate complement in whole plasma independent of IgG [23] .
Physicochemical Processes of MSU Crystallization
The general physicochemical process of MSU crystallization bears resemblance to the formation of other crystals, and is thought to depend on both urate concentration and other factors (Fig. 2) . As noted earlier, plasma is considered to be saturated with urate when its level reaches the solubility limit of approximately 6.8 mg/dl (405 μmol/L) [4] . Beyond this concentration, the solution is considered supersaturated. In the supersaturation range, MSU crystal formation begins with a further alteration of the solubility of urate or other inciting event, and crystallization further propagates depending on local conditions. Nucleation, or the process of new microcrystal precipitation, is the rate-limiting step of MSU crystal genesis. As a general principle, during nucleation the dispersed molecules in solution first gather into clusters, overcoming the dispersion forces of the solvent; these clusters then aggregate further to form crystal nuclei [24] . Nucleation can occur in a homogeneous (formation in the absence of a foreign surface or other crystal) or heterogeneous (when a foreign surface serves as the 2 Hypothetical model of the initiation and propagation of monosodium urate crystallization. A) Monosodium urate molecules remain fully in solution until an event that changes their solubility (e.g., decreased temperature, as discussed in the text). B) Soluble monosodium urate molecules begin to cluster while still in solution. C) Clusters aggregate into crystal nuclei, the basis for additional crystal formation and growth. D ) Formation of fully-aggregated monosodium urate crystals. Top, monosodium urate in the crystals are arranged in flat sheets as seen in cross-section. Middle, the surface of these flat sheets forms the major growth faces of the crystal, with the flat sheets stacking along the crystal's long axis. Bottom, fully formed (but potentially still growing) crystal, whose three axes are non-perpendicular (i.e., triclinic structure). Local factors may promote nucleation and/or crystal growth (e.g., pH and others; see text) nidus for crystallization) fashion. If additional crystals form in the presence of pre-existing crystals, the process is referred to as secondary nucleation; along with heterogenous nucleation, this process can occur at lower supersaturation levels than during homogeneous crystal formation.
Once the urate crystal nucleus reaches a critical size and its primitive structure is stabilized, crystal growth occurs most rapidly at the crystal's longitudinal ends. It is this predisposition to longitudinal over latitudinal growth (a property not shared universally by other crystals) that gives the MSU crystal its characteristic long narrow shape. While mechanisms of in vivo crystal growth remain unresolved, urate growth under model conditions has been studied, with recent evidence suggesting that the spontaneous appearance of islands on the crystal surface may play a role in crystal growth [19••] . As in the case of nucleation (where supersaturation levels are a factor in crystal initiation), model systems have shown that crystal propagation increases with increasing urate concentration [25] . This is consistent with epidemiological data indicating that gout incidence increases with greater serum urate levels [14] . Interestingly, the risk of gout flares also increases early after initiation of urate lowering therapy [26] , which has been postulated to result from microcrystal liberation from tophi or microtophi (urate "sloughing" or "stripping"); it is possible these sloughed crystals may not only be proinflammatory but may also serve as nuclei for further crystal formation.
Temperature is another environmental factor that appears to play a role in MSU crystal formation through effects on urate solubility [27] [28] [29] . In vitro studies performed in aqueous solutions suggest that a reduction of even 2°C, from 37 to 35°C, is sufficient to lower the solubility point of urate from 6.8 to 6.0 mg/dL [28] . This response to temperature may explain in part why the first metatarsophalangeal joint-an area of both relatively reduced perfusion (suggesting reduced heat delivery from the body core), and relatively increased surface-to-volume ratio (promoting heat radiation and loss)-is the most common site for first gouty attacks. Conversely, the heat engendered by the inflammatory gouty attack (owing to increased perfusion and tissue metabolism of the affected joint) may contribute to the subsequent dissolution of crystals, and to the observation that gout attacks are typically self-limiting.
Like cold temperature, the presence of an acidic environment also appears to facilitate MSU crystallization. Wilcox et al. demonstrated that reduction of pH promoted MSU nucleation in an in vitro system [30] . In this model, they found that the pH directly affected the nucleation of crystals by a mechanism not well understood, but apparently independent of the MSU solubility level. In addition, pH exerted an indirect effect on MSU crystallization by increasing calcium ion concentrations that consequently reduced MSU solubility and promoted nucleation [30] . The authors therefore proposed that increased levels of free Ca ++ ions in the setting of lower pH (resulting from displacement of plasma protein-bound Ca ++ into the liquid phase) may explain the relationship between acidic environments and MSU nucleation. They also speculate that the initial nucleus of an MSU crystal may be a calcium urate molecule, or that, because of their nearly identical atomic radii, calcium ions may substitute for sodium in the urate crystal lattice [30] . Acidosis occurs in conditions such as strenuous exercise, respiratory insufficiency, and ethanol consumption, all of which are associated with the development of gout attacks. (Since systemic acidosis also promotes decreased renal urate excretion, the resulting increases in systemic hyperuricemia may also contribute to the risk for crystallization in conditions of acidosis.) Interestingly, the metabolic activity of neutrophils during phagocytosis of existing crystals may result in lactic acid generation, thus lowering the synovial fluid pH and promoting additional local impetus for crystal formation. Consistent with this model, increasing lactic acid and declining pH have been observed in the synovial fluid of acute gout (incubated in vitro at 38°C) [31] . It has been postulated that the increased incidence of acute gouty attacks that occurs during sleep may be due in part to the mild respiratory acidosis that ensues when breathing rates decline [32] .
In addition to the above-mentioned chemical factors, mechanical effects have also been recognized as a potentially promoting MSU crystallization. Physical perturbations may promote MSU crystal nucleation: in vitro, "snapping" a slide containing a supersaturated urate solution can directly induce the formation of MSU crystals [30] . These observations may be consistent with the predilection for gout to occur in joints (rather than other tissues), since joints undergo repeated daily mechanical shocks.
Synovial Fluid and Cartilage Factors Modulating Crystallization
Joint fluid and cartilage elements have been speculated to play a role in urate crystal formation. The addition of gout patients' synovial fluid to supersaturated solutions in vitro has been shown to promote MSU crystallization, whereas synovial fluid from patients with rheumatoid or degenerative arthritis did not have this effect [30, 33, 34] . These observations were independent of the urate concentration in the synovial fluid, and testify to the possibility that the contents of the gouty joint may themselves provide a hospitable environment for MSU crystal formation.
A number of studies have explored the possibility that proteins and other organic macromolecules, whether sloughed off, enzymatically-degraded, or otherwise originating from cartilage or synovium, may play roles in MSU crystallization. Burt et al. analyzed the kinetics of MSU crystal growth and observed that both chondroitin sulfate and phosphatidylcholine (but not phosphotidylserine) increased MSU crystal formation in an in vitro system, possibly by promoting nucleation or increasing the growth rate of crystals [35] . The chondroitin findings are supported by one prior study [36] , but contradicted by another [34] . Burt's studies found no significant effect on crystal growth from proteoglycan monomers/aggregates nor, consistent with the findings of other investigators, from hyaluronic acid [34] . While these studies do not explain how cartilage components might affect MSU crystallization, they provide some evidence that the presence of cartilage damage, whether occurring through mechanical trauma or as a consequence of osteoarthritis or other joint-damaging processes, may contribute to the risk for localized gouty attacks. More recently, there has been speculation that collagen fibers or fragments may promote MSU crystallization in linear bands, based on ultrasound images of linear MSU formation in joints and the appearance of crystals from synovial fluid as seen by light microscopy [37•] .
A role for albumin in the crystallization process is even more controversial. Investigators have variously suggested that albumin has no effect on MSU crystallization [38] , or promotes or strongly inhibits MSU crystallization in vitro. Possible explanations for an inhibitory role of albumin in MSU crystallization could relate to albumin blocking crystal active growth sites, increasing urate solubility, or altering the free/bound Ca ++ [35, 39] . In contrast to these reports, PerlTreves et al. have reported that albumin considerably accelerates the kinetics of MSU crystallization under different in vitro conditions, mainly by favoring the processes of clustering and nucleation; however, this was seen only at lower albumin concentrations and varied with pH [40] . In this study, structural analysis of synthetic crystals raised in growth media, including human serum albumin, revealed that carboxylate groups on albumin may actually incorporate into the MSU crystal structure to stabilize the crystal nuclei, thus catalyzing crystallization [40] . Further studies are clearly needed to understand the role of albumin in urate crystallization within the joint fluid.
Humoral Immunomodulation of MSU Crystallization
As discussed above, it has long been appreciated that immunoglobulins can adhere to mature MSU crystals, and in so doing promote crystal-induced inflammation through several mechanisms. More controversially, some investigators have provided evidence that the presence of antibodies capable of interacting with MSU may actually contribute to the formation of MSU crystals. This raises the question of whether humoral immune responses may partially explain why some patients with hyperuricemia develop crystals (and therefore gout), while others do not. The specificity of antibodies to the crystal surface has also been a subject of investigation.
Kaneko et al. analyzed MSU crystal formation rates in the presence or absence of γ-globulin in vitro, and found that the addition of γ-globulin to a supersaturated solution of urate accelerated MSU crystal formation in a reaction whose extent was directly proportional to time and the urate dose [41] . Whether these effects reflected immunoglobulin specificities for urate, or non-specific effects of the proteins themselves, was not evaluated.
However, other studies suggest that in gout patients, antibodies may be generated that are specifically directed against MSU, and that promote MSU crystallization by stabilizing intermediate crystal structures. Kam et al. purified IgG immunoglobulins from the synovial fluid of patients with gout, rheumatoid arthritis, pseudogout, or osteoarthritis [42] . Using an in vitro system, they observed that IgG from gouty synovial fluid, but not the synovial fluid of non-gout patients, promoted MSU crystal formation. The authors speculated that IgG may act as a catalytic agent for nucleation, reducing the activation energy required to start the formation of crystals. To explore whether antibodies functioning in this manner represent an immunologic response to MSU crystals, these same authors "immunized" rabbits with serial injections of MSU crystals [42] . IgG isolated from rabbit sera post-immunization provoked an increase in in vitro MSU nucleation, whereas preimmunization IgG, or IgG from rabbits immunized with control (allopurinol) crystals did not. This finding led the authors to hypothesize that serum antibodies can specifically recognize MSU crystal surfaces to promote MSU crystal formation, perhaps explaining why many patients with longstanding gout continue to have attacks even after their serum urate levels appear to have been adequately lowered. In a subsequent study, the same authors used a similar rabbit model to show that immunization with magnesium urate octahydrate and allopurinol crystals could generate IgG antibodies that would in turn promote nucleation of their respective crystal types in vitro, supporting the idea of specificity of antibodies to crystals [43] .
Kanevets et al. found further evidence to support a specific humoral immune response in gout [44] . These authors immunized mice with crystallized MSU biweekly for 2 months. At the end of the study period, immunized mice demonstrated up to a ten-fold increased presence of IgM immunoglobulins that could directly bind MSU (but not xanthine) crystals in vitro, relative to unimmunized mice. B cell-deficient mouse strains (i.e., unable to make immunoglobulins) failed to demonstrate this response despite immunization. The authors further confirmed that the IgM immuoglobulins promoted MSU crystallization in vitro, in a dose-dependent manner. They went on to suggest that the immunologic promotion of MSU crystallization may be important not only in gout but also in endogenous danger signal mediation, a cellular immune response in which MSU precipitation has been implicated: compared with the wild-type, mice deficient in B cells had reduced cytolytic T cell function in response to urate exposure. One significant difference between Kanevet's studies in mice, and those of Kam et al. in rabbits, is that Kam's studies identified the MSU-binding antibodies as being primarily of the IgG class, whereas, in Kanevet's studies, the majority were IgM. In humans, most of the immunoglobulins identified as adherent to MSU crystals have been IgG. Explanations for these discrepancies might include species-specific immune variations. Alternatively, in humans at least, gout is a chronic disease, and the chronic exposure to MSU crystals might result in a persistent immune response that results in IgM-to-IgG class switching [44] . In any case, the overall model is one in which persistent exposure to MSU crystals promotes the development of anti-MSU crystal antibodies, that in turn further promote MSU crystallization.
Local Factors Dampening the Inflammatory Response to MSU
While crystallization can be affected by environmental elements, the extent of an inflammatory response to MSU crystals may also vary depending on local factors, possibly impacting the clinical phenotype of gout. Several reports indicate that molecules that may be found in synovial fluid, such as low density lipoprotein, high density lipoprotein, and apolipoprotein B, may inhibit the inflammatory reactions characteristic of the acute gout attack through a variety of mechanisms [20, [45] [46] [47] . In some circumstances, urate can crystallize on cartilage without inducing an inflammatory response at all-over the past several years, studies using musculoskeletal ultrasound have documented the presence of crystallized urate along the cartilage surfaces of diarthrodial joints, even in patients who have never had gouty attacks [48, 49] . The chemical structure of these deposits is poorly characterized, but they are presumed to be MSU. The ability of such crystals to form in the absence of resultant inflammation raises questions as to whether the structure of the crystals, their location within the cartilage, or the molecules they associate with differ in some way to render them non-inflammatory.
Kidney Stones: Crystallization of Uric Acid Uric acid (UA) stone formation in the kidney provides a useful counterpoint to our discussion of articular urate crystallization. In contrast to the MSU crystals that form in the joints of gout patients, the urate in renal stones is mainly in the protonated form, i.e., UA, often admixed with crystals of calcium oxalate. In the urine, UA crystallizes from the aqueous solution as an anhydrous compound (most common), a dihydrate compound, a mixture of both the anhydrous and the dihydrate forms, a monohydrate form, or, rarely, UA monohydrate with sodium or ammonium urate [50] . While in-depth studies of the morphology, structure, and formation mechanisms of uric acid calculi are limited, multiple factors are understood to contribute to the formation of urinary UA crystals and stones.
Less than 5 % of circulating urate is protein-bound in the plasma, and urate is freely filtered at the glomerulus into the proximal tubule, where most of its handling occurs. In the proximal tubule, urate is reabsorbed and secreted resulting in around 90 % net urate reabsorption. High urinary UA concentration, such as results from low urine volume or hyperuricosuria, is one factor that promotes stone formation [51, 52] . Overly acidic urine is also a critical driver of UA stone formation and is an identifiable risk factor in the majority of UA stone formers [53, 54] . Whereas synovial fluid and/or serum pH are maintained within a narrow range, urine pH can vary more widely. At a urinary pH of less than 5.5, urinary urate exists largely as UA, the undissociated or protonated form. In contrast to ionized urate, UA is more hydrophobic and less soluble. Concentrations of urate that would be undersaturated as an ion become supersaturated as UA, allowing crystals to precipitate. Understanding the process of UA stone formation in a patient can guide treatment. In particular, urine alkalinization is an important approach for stone reduction. Increased fluid intake and reduction of urinary urate excretion through urate lowering medications are less important.
Urinary UA may also impact the formation of non-urate urinary crystals. In vitro work suggests that the hyperuricosuric state may promote calcium oxalate precipitation in a process called salting out [55] . This urate effect depends directly on the concurrent urinary concentrations of UA, calcium, and oxalate. In one trial, pharmacologic urate lowering (using allopurinol) decreased CaOx stone formation [56] . However, observational studies have not confirmed that higher urinary urate excretion leads to higher incidence of calcium oxalate nephrolithiasis stones [57] . Along the same lines, a role for the MSU form of urate was once thought to contribute to calcium oxalate precipitation [58] , but recent studies do not support this hypothesis.
Future Directions: Manipulation of Urate Crystallization as a Therapeutic Strategy for Gout?
At the present time, reduction of serum (and, therefore, synovial fluid) urate levels remains the only available means for preventing and/or undoing the formation of MSU crystals. Both clinical results, and advances in imaging, have documented the ability of serum urate lowering to resolve tissue deposits of urate [59, 60] . However, this process often requires prolonged therapy, and is frequently unsuccessful [61] . Given the appreciation that additional factors modulate MSU crystallization, it is reasonable to postulate that therapeutic approaches might be developed that could reduce the MSU crystal burden through mechanisms other than direct urate lowering.
The potential role of anti-MSU crystal immunoglobulins in crystal formation raises the question of whether humoral immune modulation (e.g., using the anti-B cell agent rituximab, FDA-approved for rheumatoid arthritis) might be of benefit in the treatment of patients with long-standing, recalcitrant gout, for whom conventional urate lowering therapy has failed. This remains an untested possibility. Alternatively, small molecules that bind to the MSU crystal might be developed to reduce, prevent, or reverse crystallization. Proofof-principle for this approach may be found in atomic force microscopy studies addressing the crystallization of L-cystine, an occasional source of otherwise difficult-to-prevent kidney stones. In a series of elegant studies, Rimer et al. demonstrated that two L-cystine-related molecules, L-CDME and L-CME, have the potential to dramatically reduce the growth velocity of L-cystine crystals by binding to the crystals and frustrating the addition of L-cystine molecules [62] . In vitro, this results in reduced crystal yield and crystal size. Whether a similar approach could be applied to the problem of MSU crystallization remains to be determined.
Conclusions
MSU crystal formation is strongly influenced by an environment supersaturated with urate. However, multiple other factors may either reduce the solubility of MSU, enhance crystal nucleation, or speed up growth of existing crystals, and may thus play roles promoting urate crystallization. These relationships may prove critical to our understanding of the heterogeneity of gout, wherein a single serum urate concentration can, in different patients, result in a variety of gouty phenotypes, such as no disease, mild disease, and severe or tophaceous disease. Despite recent advances, we still have only a rudimentary understanding of how MSU crystals form and resolve within the body. Increased appreciation of both basic chemistry, and the role of proteins-particularly immunoglobulinsin the pathogenesis of MSU crystallization holds promise for the development of novel, and potentially better, treatments for patient with gout, and possibly also other crystal deposition disorders.
